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Shear Behavior of Screw Connections for Cold-Formed 
Thin-Walled Steel Structures 
 




Self-drilling screws are the primary means to fasten cold-formed thin-walled 
steel members in construction. There are several failure modes for shear 
connections with self-drilling screws, including screw tilting, hole bearing, 
edge tearing, tensile fracture in net section of connected elements and shear 
fracture of screws. Meanwhile, the “group effect” will exist when a large 
number of screws are used in a shear connection. A series of tests (75 
specimens) on single lap shear connections with self-drilling screws has 
been carried out and the results reported in this paper. The end distance, 
screw spacing, pattern of screws arrangement and number of screws was 
varied to determine their influence on shear connection strength. The study 
focused on the analysis of factors affecting the shear connection strength, 
the shear strength estimation of self-drilling screw connections based on 
different failure modes and the influence of group effect. Finally, a proposed 





Self-drilling screws are the primary means to fasten cold-formed thin-walled 
steel members in construction. Because of the high efficiency of screw 
connections, only a few days are required to build up a cold-formed steel 
structural building. Because of the excellent performance, screw 
connections have received more and more attention in recent years. 
Generally speaking, there are several failure modes for shear connections 
with screws, including screw tilting, hole bearing, edge tearing, tensile 
fracture in net section of connected elements and shear fracture of screws. 
Pekoz (1990) first recommended a series of design equations for 
estimating the strength of steel-to-steel screw connections, and these 
equations were derived from a study of more than 3500 connection test 
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results. Based on Pekoz’s study, the 1996 AISI Specification for the Design 
of Cold-Formed Steel Structural Members introduced provisions for 
estimating the connection strength which was based on the failure in the 
connected elements.  
LaBoube and Sokol (2002) found that, with screw and sheet sizes held 
constant, increasing the number of screws decreased the strength per screw 
in a connection. The decrease in strength was defined as the “group effect”, 
and the group effect factor R is given by Eq. (1). The shear strength of a 
connection with more than one screw is estimated by Eq. (2). 
        
0.4670.535 1.0R
n
⎛ ⎞= + ≤⎜ ⎟⎝ ⎠                         (1) 
 1P nPR=                                         (2) 
where R = group effect factor; n = number of screws in a connection; P = 
shear connection strength; and P1 = shear strength for a single screw 
connection. 
   The R factor was derived from test data of connections which had 3d (d 
being the nominal screw diameter) screw spacing. The method is applied to 
estimate the bearing or titling and bearing shear strength. 
The current Chinese specification GB50018 (2002) is used to estimate 
the shear connection strength that is controlled by tilting and bearing. The 
specification does not have provisions for determining the shear strength 
based on other typical failure modes. Therefore, a project that included 75 
single lap connections was conducted in Tongji University. The end distance, 
screw spacing, pattern of screws arrangement and number of screws was 
varied to determine their influence on shear connection strength. The study 
focused on the analysis of factors affecting the shear connection strength, 
the shear strength estimation of self-drilling screw connections based on 
different failure modes and the influence of group effect. Finally, an 
improved design method and recommendations for Chinese specification 




Specimen and Testing Machine 
 
The experiments involved a total of 75 single lap screw connection 
specimens, all of which were made up of normal ductility steel sheets with 
the thickness of 1 mm. Three different widths (45mm, 60mm and 80mm) of 
steel sheets were provided according to the variation of screw arrangement. 
The material properties of the steel sheets derived from tensile tests are 
presented in Table 1. Self-drilling screws (type P/W8×13) with nominal 
diameter of 4.2mm and length of 13mm were used. Three different screw 
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arrangements, including screws arranged in a line parallel to the force (L), in 
a row perpendicular to the force (T) and interlacingly or in several lines by 
several rows (I), were employed and the number of screws was varied from 
1 to 9. Seven different screw spacings were used, including 3d, 4d, 5d, 7d, 
10d, 15d and 20d. Three end distances were used, including 2d, 3d and 4d. 
The minimum edge distance of the specimens was 2d. 
   All of the tests were conducted on the CSS-44100 universal tension 
testing machine (Fig. 1). The specimens were denoted in the form of 
“SC5-4D-L-1”, where “SC” means self-drilling screws, “5” means there are 
5 screws in a connection, “4D” means the screw spacing is 4 times the 
nominal diameter of a screw. When there is only one screw in a connection, 
“4D” is the end distance. “L” means the screw pattern. “1” is the serial 
number of specimens with the same details. 
 
Table 1.  Material properties of steel sheets 
Specimen 
Parameter MS-1 MS-2 MS-3 MS-4 
Mean 
value 
Fy (MPa) 297.42 302.76 304.13 306.11 303 
Fu (MPa) 365.02 365.12 370.22 363.85 366 
Elongation (%) 39.18 42.25 38.83 36.88 39.3 
 
          
(a) tension testing machine             (b) Testing jaw 




The shear strength of screw connections and their performance are affected 
by many factors, such as number of screws, screw pattern, screw spacing 
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and end distance, etc. Connections with a small number of screws usually 
failed in titling and bearing or the combination of several modes; and for the 
connections with a large number of screws, the steel sheets would fracture. 
Only the screws in specimen “SC3-5D-I-1” fractured in shear. Fig. 2 has 
presented the failure modes of screw connections. For certain specimens 
that had the same details, different failure modes were sometimes observed, 
but their strengths were similar. 
It was found from the tests that for connections with several rows of 
screws the failure almost always occurred in the row closest to the jaws of 
testing machine. And when steel sheet fractured, it always occurred in the 
sheet that had the screw threads exposed (Fig. 2(c)). 
 
      
(a) Titling               (b) Bearing 
      
     (c) Steel sheets fracture      (d) Screws fracture 
Fig. 2 Failure modes of screw connections 
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Three different types of single screw connections (SC1-2D, SC1-3D and 
SC1-4D), totaling 9 specimens, were tested to study the influence of end 
distance on shear strength. All nine connections exhibited the same failure 
mode (titling and bearing). The mean test strengths of SC1-2D, SC1-3D and 
SC1-4D were 2.834kN, 3.044kN and 3.083kN, respectively. SC1-3D and 
SC1-4D have 7.4% and 8.8%, respectively, more strength than SC1-2D, 
which indicates that there is a visible decrease in shear strength when the 
end distance is 2d. When the end distance is more than or equal to 3d, it has 




For connections with 5 screws, six different screw spacings were used, 
including 3d, 4d, 5d, 10d, 15d and 20d. A comparison of shear strength with 
different screw spacing is presented in Fig. 3. 
Fig. 3 presents the relationship of shear strength of five-screw 
connections with different screw spacing. Connections have more strength 
as the screw spacing increases within a certain range (5d screw spacing); 
and as the range is exceeded, it seems to have no influence on shear 
strength. 
 




















 Screws arranged longitudinally
 
Fig. 3.  Effect of screw spacing on shear strength 
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Pattern of Screws Arrangement 
 
Twelve different geometric screw patterns, totaling 36 specimens, were 
conducted to research the influence of screw patterns on shear strength. 
When there were a less number of screws and less screw spacing in a 
connection, the connections with screws arranged longitudinally had more 
strength than those with screws arranged transversely. The data in Table 2 
shows that SC2-3D-L and SC3-3D-L have 2.3% and 7.4% more strength 
than SC2-3D-T, SC3-3D-T, respectively. Yet, the situation was opposite as 
the number of screws or screw spacing increased in a connection. Table 2 
shows that SC3-5D-L, SC3-7D-L, SC4-3D-L and SC5-3D-L have 6.3%, 
7.8%, 3.6% and 16.4% less strength than SC3-5D-T, SC3-7D-T, SC4-3D-T 
and SC5-3D-T, respectively. 
 
Table 2.  Effect of screw pattern on shear strength 
Mean shear strength (kN) Specimen PL (L-Pattern) PT (T-Pattern) 
(PL-PT)/PT 
SC2-3D 5.468 5.344 2.3% 
SC3-3D 7.731 7.201 7.4% 
SC3-5D 8.494 9.061 -6.3% 
SC3-7D 8.811 9.557 -7.8% 
SC4-3D 10.286 10.672 -3.6% 
SC5-3D 11.810 14.130 -16.4% 
 
Number of Screws 
 
A typical relationship between shear strength and the number of screws is 
presented in Table 3. All the connections listed in Table 3 failed in the mode 
of titling and bearing. 
 
Table 3.  Effect of number of screws on shear strength 
Specimen P (kN) P/P1 Specimen P (kN) P/P1 
SC2-3D-L 5.468 1.77 SC2-3D-T 5.344 1.73 
SC3-3D-L 7.731 2.51 SC3-3D-T 7.201 2.34 
SC3-5D-L 8.494 2.76 SC3-5D-T 9.061 2.94 
SC3-7D-L 8.811 2.86 SC3-7D-T 9.557 3.10 
SC4-3D-L 10.286 3.34 SC4-3D-T 10.672 3.46 
SC5-3D-L 11.810 3.83 SC5-3D-T 14.130 4.58 
SC5-4D-L 13.420 4.35    
SC5-15D-L 13.221 4.29    
 
Based on the ratio of mean shear strength P to the single screw connection 
shear strength P1 (the mean strength of SC1-4D), conclusions can easily be 
obtained. No matter how the screws were arranged, the strength per screw in 
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a connection diminished as the number of screws increased, with the 
exception of SC3-7D-T. That is, for example, the strength of a connection 
with three screws is less than three times the strength of a similar connection 
with one screw. The phenomenon was defined as the “group effect” by 
Laboube and Sokol (2002). 
 
Proposed Method for Shear Strength Estimation 
 
Tilting and Bearing 
 
Titling and bearing was the main failure mode, and a total of 64 connections 
failed in this mode. Table 4 presents a series of comparisons, such as the 
comparison of P0 (the nominal shear strength calculated by GB50018 (2002)) 
to P (the test strength), and PR (the estimated shear strength including the 
group effect factor R) to P. As listed in Table 4, the estimated shear strength 
P0 of single screw connections agree well with P, and connections with a 
large number of screws have unconservative estimated strengths compared 
with P, with ratios in a range of 0.858 to 1.242. When the group effect factor 
R was employed in GB50018 (2002), the situation improved. As shown in 
Table 4, all the ratios of PR to P are less than or equal to 1.0, within a range 
of 0.69 to 1.0; most of the ratios for connections which had 3d screw 
spacing are in the range of 0.8 to 0.9, and for connections which had more 
than 3d screw spacing, the ratios are mainly in the range of 0.7 to 0.8. 
 
Table 4.  Comparison of estimated strength to test strength 
Specimen Test strengthP (kN) P0/P R PR/P 
SC1-2D-1 2.579 1.076 1.000 1.076 
SC1-2D-2 3.045 0.911 1.000 0.911 
SC1-2D-3 2.878 0.964 1.000 0.964 
SC1-3D-1 2.948 0.941 1.000 0.941 
SC1-3D-2 3.034 0.915 1.000 0.915 
SC1-3D-3 3.150 0.881 1.000 0.881 
SC1-4D-1 3.023 0.918 1.000 0.918 
SC1-4D-2 2.992 0.927 1.000 0.927 
SC1-4D-3 3.233 0.858 1.000 0.858 
SC2-3D-T-1 5.430 1.022 0.865 0.884 
SC2-3D-T-2 5.309 1.046 0.865 0.904 
SC2-3D-T-3 5.293 1.049 0.865 0.907 
SC2-3D-L-1 5.557 0.999 0.865 0.864 
SC2-3D-L-2 5.625 0.987 0.865 0.854 
SC2-3D-L-3 5.222 1.063 0.865 0.919 
SC3-3D-T-1 6.705 1.242 0.805 1.000 
SC3-3D-T-2 7.486 1.112 0.805 0.895 
SC3-3D-T-3 7.412 1.123 0.805 0.904 
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SC3-3D-L-1 8.111 1.027 0.805 0.826 
SC3-3D-L-2 7.658 1.087 0.805 0.875 
SC3-3D-L-3 7.424 1.121 0.805 0.903 
SC3-5D-T-1 8.442 0.986 0.805 0.794 
SC3-5D-T-2 9.430 0.883 0.805 0.711 
SC3-5D-T-3 9.312 0.894 0.805 0.720 
SC3-5D-L-1 8.427 0.988 0.805 0.795 
SC3-5D-L-2 8.653 0.962 0.805 0.775 
SC3-5D-L-3 8.402 0.991 0.805 0.798 
SC3-5D-I-2 8.174 1.019 0.805 0.820 
SC3-5D-I-3 8.122 1.025 0.805 0.825 
SC3-7D-T-1 9.692 0.859 0.805 0.692 
SC3-7D-T-2 9.708 0.858 0.805 0.690 
SC3-7D-T-3 9.270 0.898 0.805 0.723 
SC3-7D-L-1 9.305 0.895 0.805 0.720 
SC3-7D-L-2 8.718 0.955 0.805 0.769 
SC3-7D-L-3 8.411 0.990 0.805 0.797 
SC4-3D-T-1 10.382 1.069 0.769 0.822 
SC4-3D-T-2 10.300 1.078 0.769 0.829 
SC4-3D-T-3 11.334 0.979 0.769 0.753 
SC4-3D-L-1 10.217 1.087 0.769 0.836 
SC4-3D-L-2 10.534 1.054 0.769 0.810 
SC4-3D-L-3 10.106 1.098 0.769 0.845 
SC4-5D-I-1 10.954 1.013 0.769 0.779 
SC4-5D-I-2 10.762 1.031 0.769 0.793 
SC4-5D-I-3 10.799 1.028 0.769 0.791 
SC5-3D-T-1 14.002 0.991 0.744 0.737 
SC5-3D-T-2 13.597 1.021 0.744 0.759 
SC5-3D-T-3 14.791 0.938 0.744 0.698 
SC5-3D-L-1 11.819 1.174 0.744 0.873 
SC5-3D-L-2 11.674 1.189 0.744 0.884 
SC5-3D-L-3 11.938 1.162 0.744 0.865 
SC5-4D-L-1 13.417 1.034 0.744 0.769 
SC5-4D-L-2 13.311 1.042 0.744 0.776 
SC5-4D-L-3 13.531 1.025 0.744 0.763 
SC5-5D-L-2 13.884 0.999 0.744 0.744 
SC5-5D-L-3 14.122 0.983 0.744 0.731 
SC5-5D-I-1 12.920 1.074 0.744 0.799 
SC5-5D-I-2 12.320 1.126 0.744 0.838 
SC5-5D-I-3 12.139 1.143 0.744 0.850 
SC5-10D-L-3 13.812 1.005 0.744 0.747 
SC5-15D-L-1 13.197 1.051 0.744 0.782 
SC5-15D-L-2 13.206 1.051 0.744 0.782 
SC5-15D-L-3 13.261 1.046 0.744 0.779 
SC5-20D-L-1 13.536 1.025 0.744 0.763 
SC5-20D-L-2 13.748 1.009 0.744 0.751 
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Tensile Fracture in Connected Elements 
 
Tensile fracture of the steel sheets occurred in 10 specimens. All the 
specimens had multiple screws in the line parallel to the force. Table 5 
presents a comparison of the mean stress σnet of steel sheet net section to the 
ultimate stress Fu, where σnet was derived from the test strength P divided by 
the net section area An. All the ratios of σnet to Fu are close to 1.0, within a 
range of 0.93 to 1.18. There is not an obvious stress concentration in net 
section. And the ratio of σnet to Fu is higher as the number of screws in a row 
perpendicular to the force increased. For connections with three screws in a 
row, the ratios are near to 1.2. 
 
   Table 5.  Comparison of σnet of steel sheet net section to Fu 









SC5-5D-L-1 40.8 13.892 340.5 0.93 
SC5-10D-L-1 40.8 14.381 352.5 0.96 
SC5-10D-L-2 40.8 14.157 347.0 0.95 
SC5-20D-L-3 40.8 14.300 350.5 0.96 
SC9-5D-L-1 40.8 14.071 344.9 0.94 
SC9-5D-L-2 40.8 14.346 351.6 0.96 
SC9-5D-L-3 40.8 14.353 351.8 0.96 
SC9-5D-I-1 47.4 20.287 428.0 1.17 
SC9-5D-I-2 47.4 20.441 431.2 1.18 
SC9-5D-I-3 47.4 20.444 431.3 1.18 
Note: For the first seven specimens, width of sheets is 45mm and number of screws in net 
section is 1; for the last three, width of sheets is 60mm and number of screws in net section is 3. 
 
AS 4600 (2005) has specified the design method for the tensile fracture 
in the connected elements. For connections with screws in the line parallel 
to the force, the nominal tensile strength of net section of the connected 
elements is specified by Eq. (3) ; and for connections with a single screw or 
a single row of screws perpendicular to the force, it is specified by Eq. (4)  
t n uN A F=                                         (3) 
( ) ununt FAFAsdN ≤= /5.2                         (4) 
where Nt = nominal tensile strength of net section of the connected elements; 
Fu = ultimate stress; An = net area of connected elements; d = nominal screw 
diameter; and s = spacing of screws perpendicular to the line of the force; or 
width of sheet, in the case of a single screw. 
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The ratios of σnet to Fu in Table 5 are consistent with Eq. (3) specified in 
AS 4600 (2005). For connections with a single screw or a single row of 
screws perpendicular to the force, no steel sheet fractured in the tests. 
 
Shear Fracture of Screws 
 
Only screws in specimen SC3-5D-I-1 fractured in shear during the tests. To 
avoid shear fracture of screws, AS 4600 (2005) requires that the nominal 
shear strength of screws be not less than 1.25 times the nominal shear 
strength, which is limited by titling and bearing. The equation is denoted as 
the formed of Eq. (5) 
vs NN 25.1≥                                   (5) 
where sN = nominal strength limited by shear fracture of screws; 
s
vN = 
nominal shear strength limited by titling and bearing. 
Yet, the requirement may not be met as the thickness or strength grade of 
connected elements increases. AISI-NAS (2007) has required that the shear 
connection strength is dependent on the strength of screws, in addition to the 
strength of the connected elements. And the strength limited by shear 
fracture of screws should be obtained by standard testing. 
 
Conclusions and Recommendations 
 
Based on the test data of 75 steel-to-steel single lap screw connections, a 
better understanding of the behavior of screw connections was obtained. 
Factors affecting the shear strength of screw connections were analyzed in 
this paper. The findings of the study indicated that screw spacing influenced 
the screw connection strength significantly. Connections have more strength 
as screw spacing increases within a certain range (5d screw spacing), and as 
the range is exceeded, it seems to have no influence on shear strength. 
   The group effect will exist when a large number of screws are used in a 
shear connection. According to comparisons in Table 4, the estimated shear 
strength including the group effect factor R is more conservative for 
connections with screws arranged by more than 3d spacing. The R factor is 
also involved with screw spacing in addition to the number of screws. 
Specimens, which had steel sheets fractured, always had multiple screws 
in the line parallel to the force. There is not an obvious stress concentration 
in net section of steel sheets, and the ratios of the mean stress of steel sheet 




The following symbols are used in this paper: 
An    = net area of connected elements;  
d     = nominal screw diameter; 
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Fy    = yield stress of steel sheet; 
Fu    = ultimate stress of steel sheet; 
N     = number of screws in a connection; 
Ns   = nominal strength limited by shear fracture of screws; 
Nt    = nominal tensile strength of net section of connected elements; 
Nv   = nominal shear strength limited by titling and bearing; 
P     = test shear strength; 
P0       = nominal shear strength calculated by GB50018 (2002); 
P1       = test shear strength for a single screw connection; 
PR       = estimated strength employed the group effect factor R; 
R      = group effect factor; 
s      = spacing of screws perpendicular to the line of the force; or 
width of sheet, in the case of a single screw; and 
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